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Abstract
NASA’s Swift satellite has completed ten years of amazing discoveries in time domain astronomy. Its primary mission is to chase
gamma-ray bursts (GRBs), but due to its scheduling flexibility it has subsequently become a prime discovery machine for new types
of behavior. The list of major discoveries in GRBs and other transients includes the long-lived X-ray afterglows and flares from
GRBs, the first accurate localization of short GRBs, the discovery of GRBs at high redshift (z > 8), supernova shock break-out from
SN Ib, a jetted tidal disruption event, an ultra-long class of GRBs, high energy emission from flare stars, novae and supernovae with
unusual characteristics, magnetars with glitches in their spin periods, and a short GRB with evidence of an accompanying kilonova.
Swift has developed a dynamic synergism with ground based observatories. In a few years gravitational wave observatories will
come on-line and provide exciting new transient sources for Swift to study.
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1. Introduction
Launched 20 Nov 2004, Swift (Gehrels et al. 2004)
was originally envisioned as primarily a GRB chasing
satellite. It has been amazing successful in this ca-
pacity (Gehrels, Ramirez-Ruiz, & Fox 2009), but Swift
has also evolved into something much more − an all-
purpose time-domain mission. Its rapid response ca-
pability allows for wide-ranging interactions with other
observatories across the electromagnetic spectrum tai-
lored to meet the demands imposed by different tran-
sients. In a few years this will also include gravity-wave
missions such as LIGO and VIRGO.
About once a year Swift makes a game-changing dis-
covery. A partial list includes:
–2005: Short GRB mystery solution: NS-NS mergers.
–2005: Flares and bright afterglows in GRBs.
–2008: Shock break-out in a supernova Ibc.
–2008: Naked eye GRB from reverse shock in GRB jet.
–2009: Discovery of GRBs at z > 8.
–2010: Galaxy mergers in hosts of absorbed AGN.
–2011: Discovery of a jetted tidal disruption event.
–2012: SFR and metallicity evolution to z > 5.
–2012: Discovery of very young (2500 year old) SNR.
–2012: Discovery of ultra-long class of GRB.
–2013: Anti-glitch in magnetar 1E 2259+586.
–2013: Evidence for kilonova in a short GRB.
–2014: Evidence for two UV color classes in SNe Ia.
We will discuss these science results and others in
time domain astronomy in this paper. There are many
other types of steady-source science that Swift addresses
including surveys of galactic sources, AGN, and galax-
ies. In this paper, however, we cover only transient
sources.
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2. Solution to the mystery of short GRBs
The key to unraveling long GRBs, i.e., placing them
at cosmological distances, came in 1997 with the first
localizations and subsequent host galaxy redshift deter-
minations. Similarly with short GRBs the breakthrough
happened in May-July 2005 with afterglows of short
GRBs discovered by Swift (Gehrels et al. 2004) and
HETE-2 (Ricker et al. 2003). GRB 050509B was the
first short GRB to show an X-ray counterpart, with a ∼9
arcsec localization (Gehrels et al. 2005). Deep follow-
up observations failed to reveal optical afterglow but did
discover a massive z = 0.225 elliptical galaxy near the
X-ray error circle, with a chance coincidence probabil-
ity of ∼10−3 (Castro-Tirado et al. 2005; Gehrels et al.
2005; Bloom et al. 2006). If GRB 050509B was in-
deed at z = 0.225 then the non-detection of a supernova
was significant (Hjorth et al. 2005a). Two months later
HETE-2 discovered the short GRB 050709 (Villasenor
et al. 2005). Chandra precisely localized the X-ray af-
terglow (Fox et al. 2005), and subsequent observations
revealed the first optical afterglow from a short GRB
(Hjorth et al. 2005b). The resultant sub-arcsecond lo-
calization placed the burst in the outer regions of a star-
forming galaxy at z = 0.160 (Fox et al. 2005). As
with GRB 050509B, optical follow-up also ruled out
the presence of an associated supernova (Hjorth et al.
2005b).
The final triumph of 2005 for short GRBs was another
Swift discovery, the short GRB 050724 (Barthelmy et
al. 2005) which resulted in the discovery of X-ray,
optical/near-IR, and the first radio afterglow (Figure 1).
It yielded another subarcsecond localization in an ellip-
tical galaxy, at z = 0.257 (Berger et al. 2005b). The
ratio of radio to X-ray afterglow emission also demon-
strated that both the energy and density scale were lower
than for long GRBs (Berger et al. 2005b). Taken to-
gether, these three early events showed that short GRBs
are cosmological, they produce afterglow emission sim-
ilar to that of long GRBs but with a lower energy and
density scale, and their progenitors are not massive stars
(given their lack of associated supernovae).
Ten years after the discovery of short GRB afterglows
more than 70 short GRBs have been found by Swift and
other γ−ray satellites (Berger 2014). A sizable fraction
have X-ray and optical afterglows; a few have been de-
tected in the radio. The localizations and optical follow-
up work have identified ∼40 host galaxies and enabled
detailed studies of the intragalactic locations of short
GRBs. An HST study of 10 short GRBs within their
host galaxies reveals they trace the light distribution of
their hosts, while long GRBs are concentrated in the
Figure 1. VLT optical image (D’Avanzo et al. 2005) showing the
association of the short GRB 050724 with a galaxy (Barthelmy et al.
2005). Blue cross is the position of the optical transient (Gal-Yam et
al. 2005; D’Avanzo et al. 2005). Swift/XRT (red circle) and Chandra
(green circle) burst positions are superimposed on a bright red galaxy
z = 0.258 (Prochaska et al. 2005), implying a low-redshift elliptical
galaxy as the host. The XRT position has been revised from Antonelli
et al. (2005) by astrometric comparison with objects in the field. The
projected offset from the center of the galaxy corresponds to ∼ 4 kpc
assuming the standard cosmology.
brightest regions of their host galaxies (Berger et al.
2005a; Fong, Berger, & Fox 2010).
Fong et al. (2010) find that the median value of the
projected offset from host center for short GRBs of ∼5
kpc is about 5 times larger than that for the correspond-
ing long GRB median offset. Interestingly, when the
two offset distributions are normalized to the size of the
host galaxy, they lie almost on top of each other. In
other words, the host galaxies for long GRBs are ∼1/5
as large on average than those of short GRBs. In an up-
dated HST study using 22 short GRBs Fong & Berger
(2013) refine their previous results, and furthermore find
that short GRBs strongly under-represent their hosts’
rest-frame optical and UV light; a fraction ∼0.3 − 0.45
are located in regions with no stellar light, and ∼0.55
in regions with no UV light. Therefore Fong & Berger
conclude that short GRB progenitors must migrate over
considerable distances before their eventual explosions,
which supports the idea of progenitor kicks in compact
binary systems and the NS-NS merger model for short
GRBs.
3. Flares and bright afterglows in GRBs
By the time Swift had discovered a handful of GRBs
and their XRT X-ray light curves were studied in de-
tail, several basic features became obvious (Zhang et al.
2
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Figure 2. Schematic representation on a log fX−log t scale of the now
canonical X-ray decay light curve for GRBs based on observational
data from Swift/XRT (Zhang et al. 2006). The transition times in
seconds after T0 are given, as well as the approximate power law
decay indices associated with each segment. Phase “0” corresponds to
the prompt emission. Sometimes bright flares accompany the plateau
phase, segment II.
2006; Nousek et al. 2006; O’Brien et al. 2006). This
now standard picture of the X-ray decay came as some-
what of a surprise and certainly was not expected before
Swift.
The canonical X-ray behavior, depicted schemati-
cally in Figure 2, consists of up to five distinct fX ∝∼
t α segments: (0) emission coincident with the prompt
emission, (I) an initial steep decay −5 <∼ α <∼ −3, (II)
a shallow decay −1 <∼ α <∼ −0.5, (III) a steeper decay−1.5 <∼ α <∼ −1, and finally (IV) a slightly steeper de-
cay α ' −2. The transition times between segments are
given in Figure 2. In addition, one often sees (V) large
flares superposed on the shallow decay branch.
The initial steep decay (Tagliaferri et al. 2005) is
associated with the tail of the prompt emission. Early
speculation was that it is due to photons that are radi-
ated at large angles relative to our line of sight in the
initial fireball – so called “high-latitude” emission (Ku-
mar & Panaitescu 2000). However, subsequent study
showed that the predicted relation between spectra in-
dex and temporal decay index was not borne out by the
data (O’Brien et al. 2006, see their Fig. 4).
The prolonged emission associated with the shallow
decay prompted much theoretical work on “continuous”
or “delayed” energy injection models. It was thought
that the forward shock keeps being refreshed for some
time, possibly due to a long-lived central engine, a
wide distribution of Lorentz factors in the jet, or pos-
sibly the deceleration of a Poynting flux-dominated jet.
These speculations led to a variety of models based on
fall-back accretion disks (Kumar, Narayan, & Johnson
2008; Cannizzo & Gehrels 2009), magnetars (Dall’Osso
et al. 2011; O’Brien & Rowlinson 2012; Rowlinson et
al. 2013), and various other ideas such as “prior emis-
sion” (Yamazaki 2009).
Recent work based on relativistic hydrodynamical
computations favors the standard picture in which a
baryon dominated jet directed along our line-of-sight
breaks through the photosphere of a progenitor (Duffell
& MacFadyen 2014). This model may be able to ac-
count for all the decay phases observed by XRT (Duffell
& MacFadyen 2014). In this (now canonical) model a
jet launched ballistically from near the progenitor core
with a bulk Lorentz factor Γbulk ' 20 − 30 undergoes
strong shock heating and lateral confinement, so that
when it emerges from the progenitor it has a large in-
ternal energy Γthermal ∼ p/ρ ' 10. The subsequent
jet expansion due to the large Γthermal leads to an effec-
tive Lorentz factor Γeff ' 2ΓbulkΓthermal ' 400 − 600
for a distant, line-of-sight observer. The GRB prompt
γ−radiation is produced by strong internal shocks in the
expanding fireball at the point where it becomes opti-
cally thin to its own radiation.
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Figure 3. Swift/XRT X-ray light curves of the afterglows of GRB
050502B (Burrows et al. 2005). The best fit decay, shown by the
solid line, is α = −0.8 ± 0.2. The bright X-ray flare is superposed
on this underlying power-law decay. At later times the light curve
has several bumps, both suggesting late-time energy injection into the
external shock or continued internal shock activity. The rapid decline
in count rate for GRB 050502B at t > 105 s indicates a possible jet
break at ∼1 − 2 d postburst.
Large X-ray flares associated with GRBs (Chincarini
et al. 2007; Falcone et al. 2007) suggest that the GRB
central engine is very likely still active after the prompt
gamma-ray emission is over, but with a reduced activ-
ity at later times. Figure 3 shows a giant flare in GRB
3
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050502B with a total energy comparable to the burst it-
self. These strong, rapid X-ray flares have been seen
in other bursts and indicate that the central engines of
the bursts have long periods of activity, with strong in-
ternal shocks continuing for hundreds of seconds after
the gamma-ray emission has ended. Flares have also
been seen in short GRBs, e.g. GRB050724 (Grupe et
al. 2006).
4. GRBs and Supernovae
On 18 February 2006 Swift detected the remarkable
burst GRB 060218 which shed light on the connection
between SNe and GRBs. It lasted longer than and was
softer than any previous burst, and was associated with
SN 2006aj at only z = 0.033. The BAT trigger en-
abled XRT and UVOT observations during the prompt
phase of the GRB and initiated multiwavelength obser-
vations of the supernova from the time of initial core
collapse. The spectral peak in prompt emission at ∼5
keV places GRB 060218 in the X-ray flash category of
GRBs (Campana et al. 2006), the first such association
for a GRB-SN event. Combined BAT-XRT-UVOT ob-
servations provided the first direct observation of shock-
breakout in a SN (Campana et al. 2006). This is in-
ferred from the evolution of a soft thermal component
in the X-ray and UV spectra, and early time luminosity
variations. SN 2006aj was dimmer by a factor ∼2 than
previous SNe associated with GRBs, but still ∼2 − 3
times brighter than normal SN Ic not associated with
GRBs (Pian et al. 2006; Mazzali et al. 2006). GRB
060218 was an underluminous burst, as were two of the
other three previous cases. Because of the low luminos-
ity, these events are only detected when nearby and are
therefore rare occurrences. However, they are actually
∼5−10 times more common in the universe than normal
GRBs (Soderberg et al. 2006). For completeness we
note there have also been two nearby long GRBs with
no associated SNe to deep limits (Gehrels et al. 2006;
Fynbo et al. 2006; Della Valle et al. 2006).
Swift has added to the list of GRB-with-associated-
SNe, most notably with GRB 130427 (Maselli et al.
2014; Melandri et al. 2014; Levan et al. 2014). Its
energy Eiso ∼ 1054 erg ranks it among the most lumi-
nous 5% of GRBs observed by Swift, and a factor of
100 brighter than GRB 030329 (Hjorth et al. 2003)
which was the previously most luminous GRB with a
well-studied SN. Its low redshift z = 0.340 (Levan et al.
2013; Xu et al. 2013; Perley et al. 2014) means that it
is readily accessible for spectroscopic study of an atten-
dant SN, and indeed one has been seen – SN 2013cq (de
Ugarte Postigo et al. 2013; Xu et al. 2013).
Figure 4. Spectral energy distribution of GRB 130427A/SN 2013cq
as measured with HST (Levan et al. 2014). Top panel shows the
data (black) along with the different components that may contribute
as indicated. The host galaxy spectrum is based on an extraction of
the host directly under the GRB position, and not its global properties.
The lower panel shows the smoothed SN spectrum after subtraction of
the afterglow light, and in luminosity space, directly compared with
spectra of other GRB/SNe pairs. The supernovae have been scaled as
shown in the legend, but in general the spectra show a good match
with SN 1998bw at a similar epoch.
Levan et al. (2014) present HST observations of GRB
130427A (Figure 4) which show that it was associated
with a luminous broad line SN Ic (SN 2013cq). The red
spectra offer good agreement with those of SN 1998bw,
while the bluer spectra appear well-matched in position
and shape to SN 2010bh. Levan et al. utilize HST to
separate the afterglow, host, and SN contributions to the
observed light at t ∼17 d (rest frame). ACS grism obser-
vations show that the associated supernova, SN 2013cq,
has an overall spectral shape and luminosity similar to
SN 1998bw (with a photospheric velocity vph ' 0.05c).
The blue features in the spectrum are matched better by
the higher velocity SN 2010bh (vph ' 0.1c), however
SN 2013cq is significantly fainter. The burst originated
∼4 kpc from the nucleus of a moderately star-forming
region, ∼1M yr−1. The absolute magnitude, physical
4
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size, and morphology of the host galaxy, as well as the
location of the GRB within it, are very similar to those
of GRB 980425/SN 1998bw. The similarity of the SNe
and environment from both the most luminous and least
luminous GRBs suggests that broadly similar progeni-
tor stars can create GRBs across six orders of magnitude
in isotropic energy.
5. SN 2008D Shock Breakout
The t = 0 time of a SN is marked by a burst of neutri-
nos, thus the “delayed” optical light from radioactivity
in the ejecta through which most SNe are discovered
does not provide information about the first moments
following the explosion. On 9 January 2008 Swift/XRT
serendipitously discovered an extremely bright X-ray
transient (Figure 5) while carrying out a preplanned ob-
servation of the nearby (d = 27 Mpc) galaxy NGC 2770
(Soderberg et al. 2008). Two days earlier XRT had ob-
served the same location and did not see a source. X-ray
outburst (XRO) 080109 lasted about 400 s and occurred
in one of the galaxy’s spiral arms. XRO 080109 was not
a GRB (no γ−rays were detected), and the total X-ray
energy Ex ' 2×1046 erg was orders of magnitude lower
than a GRB. The peak luminosity ∼6 × 1043 erg s−1 is
much greater than the Eddington luminosity for a ∼1M
object, and also from type I X-ray bursts. Therefore the
standard accretion and thermonuclear ash scenarios are
excluded.
Simultaneous Swift/UVOT observations did not re-
veal a counterpart, but UVOT observations at 1.4 hr
showed a brightening. Gemini-North observations be-
ginning at 1.7 d revealed a spectrum suggestive of a
young SN (Soderberg et al. 2008). Later observations
confirmed the spectral features. The transient was clas-
sified as a type Ibc SN based on the lack of H, and weak
Si features.
Soderberg et al. (2008) argue that the X-ray flash in-
dicates a trans-relativistic shock breakout from a SN,
where the radius at breakout is > 7 × 1011 cm, and
the shock velocity at breakout βγ <∼ 1.1. They esti-
mate a circumstellar density which yields an inferred
pre-SN mass loss rate ∼10−5M yr−1, reinforcing the
notion of a Wolf-Rayet progenitor. The similarity be-
tween the shock break-out properties of the He-rich SN
2008D and the He-poor GRB-associated SN 2006aj are
consistent with a dense stellar wind around a compact
Wolf-Rayet progenitor.
X-ray and radio observations presented by Soderberg
et al. (2008) of SN 2008D are the earliest ever ob-
tained for a normal type Ibc SN. At t < 10 d, the X-ray
and peak radio luminosities are orders of magnitude less
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Figure 5. X-ray (left) and optical (right) discovery images for
SN2008D (Soderberg et al. 2008).
than those of GRB afterglows, but comparable to those
of normal type Ibc SN.
Mazzali et al. (2008) highlight several unusual fea-
tures associated with SN 2008D/XRF 080109: (i) a
weak x-ray flash (XRF), (ii) an early, narrow optical
peak, (iii) the disappearance of the broad lines charac-
teristic of SN Ic HNe, and (iv) the development of He
lines as in SNe Ib. By analyzing its light curve Mazzali
et al. infer a SN energy ∼6 × 1051 erg and ejected mass
∼7M, placing it between normal SNe Ibc and HNe.
Mazzali et al. conclude that SN 2008D was among the
weakest explosions producing relativistic jets, in accor-
dance with the inference of Soderberg et al. of a trans-
relativistic shock breakout.
6. Swift reverse shock, naked eye GRB
In the standard fireball model, relativistic shells
within a jet propagate away from the central engine
and into the surrounding medium, generating a forward
shock (FS). A reverse shock (RS) propagates back into
the jet. Studies of the GRB afterglow FS/RS emis-
sion can potentially provide information about the ex-
plosion energy, geometry, and structure of the circum-
5
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burst medium (Sari, Piran, & Narayan 1998; Cheva-
lier & Li 2000). The most useful probe of the initial
bulk Lorentz factor Γeff and the ejecta composition is
the RS. The combination of large RS speed vRS ∼ c
and the finite and limited ejecta length means that the
only hope of directly observing the RS is via its early-
time emission, basically optical and/or radio detections.
To be detectable very bright bursts are needed. The RS
emission is expected to produce a synchrotron spectrum
similar to the FS, with well-defined RS/FS properties
(Sari & Piran 1999ab; Kobayashi & Zhang 2003ab; Zou
et al. 2005). There have been detections of hints of
an RS-like component in a handful of bursts. A de-
tailed understanding of RS emission requires a careful
decomposition of the afterglow spectral energy distri-
bution (SED) into RS and FS components. Since the
peak frequencies of the two components are related by
a factor of Γeff2 >∼ 104, such a decomposition requires
multi-wavelength observations spanning several orders
of magnitude in frequency (Laskar et al. 2013).
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Figure 6. Broadband light curve of the naked eye GRB 080319B,
including radio, mm, IR, NIR, optical, UV, X-ray and γ−ray flux den-
sities (Racusin et al. 2008). The UV, optical and NIR data are normal-
ized to the UVOT v−band for 1.5 ks < (t − T0) < 10 ks. Swift/BAT
data are extrapolated down into the XRT bandpass (0.3 − 10 keV) for
direct comparison with the XRT data. Combined X-ray and BAT data
are scaled up by a factor of 45, and the Konus-Wind data are scaled
up by a factor of 104 for comparison with the optical flux densities.
This figure includes one VLA radio data point (Soderberg, Chandra,
& Frail 2008), and optical data from KAIT, Nickel and Gemini-South
(Bloom et al. 2009).
On 19 March 2008 Swift detected the naked eye GRB
080319B (Racusin et al. 2008). It was the brightest op-
tical burst ever observed. If it were 2 kpc from Earth it
would have been as bright as the noon sun in the sky.
It had a redshift z = 0.937, a peak visual magnitude
5.3, and a total energy in γ−rays Eiso = 1.3 × 1054 erg
(20 keV – 7 MeV). This burst (Figure 6) was observed
with a wide variety of instruments spanning the spec-
trum from radio to γ−ray. The earliest data at t < 50 s
reveal a common shape for the bright optical and γ−ray
light curves, indicating they arise from the same physi-
cal region. The second optical component (50 s < t <
800 s) shows the distinct characteristic of a RS, namely,
an excess above a time-reversed extrapolation from the
later optical power law decay. The final component (at
t > 800 s) is the afterglow produced as the external FS
propagates into the surrounding medium. Previous mea-
surements of GRBs had never revealed all three optical
components in the same burst with such clarity.
RS emission did not become visible until the prompt
emission faded. The high peak luminosity of the optical
RS so soon after the end of the γ−ray emission indicated
that the RS was at least mildly relativistic. Furthermore,
the GRB outflow could not have been highly magne-
tized when it crossed the RS or the RS itself would have
been suppressed. On the other hand, the presence of
strong optical emission accompanying the RS demands
some magnetization, therefore an intermediate magne-
tization seems to be indicated (Racusin et al. 2008).
7. GRBs at z > 8
GRBs can serve as powerful probes of the early uni-
verse. GRB afterglows have intrinsically very simple
spectra thereby allowing robust redshifts from low sig-
nal to noise spectroscopy, or photometry. During a for-
tuitous one week span in April 2009 Swift found two
GRBs with redshifts greater than eight. These are two
of the most distant objects ever found; they harken back
to a time when the universe was only ∼0.5 Gyr old. A
study of the light from these ancient beacons can pro-
vide crucial clues about the early universe. Their lumi-
nous afterglows reveal locations and properties of star
forming galaxies at distant redshifts, potentially localiz-
ing first generation (Pop III) stars.
GRB 090423: Tanvir et al. (2009) present obser-
vations of GRB 090423 taken with a variety of instru-
ments, including XRT, UKIRT, and VLT. An SED at
∼17h gives a photometric redshift z ≈ 8.1. VLT obser-
vations starting at ∼17.5h show a flat continuum disap-
pearing at λ <∼ 1.13µm, which confirms the origin of the
break as Ly−α absorption by neutral H at z ≈ 8.2. A si-
multaneous best fit to both spectra and photometric data
points gives z = 8.23+0.06−0.07. Salvaterra et al. (2009) com-
pare rest-frame γ−ray and X-ray light curves of GRB
090423 with those of GRBs at low, intermediate, and
high redshifts and find them to be remarkably similar.
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Figure 7. Limits on the rest-frame luminosity density, as a function
of rest-frame wavelength, of the host galaxy of GRB 090423 (Berger
et al. 2014) in the near-IR (HST), mid-IR (Spitzer), mm (ALMA),
and radio (ATCA). Also plotted: SEDs of the ULIRG Arp 220 (red),
the starburst galaxy M82 (blue), the dwarf I Zw 18 (green), the host
galaxy of the other z > 8 burst, GRB 980425 (gray, from Michałowski
et al. 2014), an Sd galaxy template (magenta), and a template for a
galaxy with LIR = 3 × 1010L (cyan, from Rieke et al. 2009), all
shifted to z = 8.23 except for I Zw 18 and the host galaxy of GRB
980425, which are scaled to the HST limits. Also shown are ALMA
observations and rest-frame UV/optical SEDs of two other GRB host
galaxies (circles: detections; triangles: upper limits; GRB 080607 is a
marginal 3.4σ detection; Wang et al. 2012), and two spectroscopically
confirmed Lyα emitters at z ≈ 6.6 − 7.0 (Ouchi et al. 2013; Ota et al.
2014).
Far-IR observations of the host galaxy of GRB
090423 with ALMA and Spitzer (Figure 7) taken by
Berger et al. (2014) reveal that the host is not seen at
rest frame wavelengths of 145 µm (ALMA) and 0.39
µm (Spitzer), with inferred upper limit LIR <∼ 3×1010L.
This corresponds to an obscured star formation rate
<∼ 5M yr−1. The Spitzer and HST upper limits place
a limit on the host galaxy stellar mass <∼ 5× 107M (as-
suming a 100 Myr old stellar population with constant
star formation rate).
GRB 090429B: Cucchiara et al. (2011) infer a pho-
tometric redshift z ' 9.4 based on deep observations
with Gemini, VLT, and GROND (Figure 8). The 90%
likelihood range is 9.02 < z < 9.50, and the lowest
redshift allowed at 99% confidence is z > 7.7. The non-
detection of the host galaxy to deep limits (Y[AB] ∼ 28,
or ∼0.001L∗ at z = 1 where L∗ is the characteris-
tic galaxy luminosity) in late time HST observations
strongly supports the extreme redshift since HST would
have detected any low−z galaxy, even if it were ex-
tremely dusty. Finally, the energetics of GRB 090429B
are comparable to those of other GRBs, and suggest that
Figure 8. Spectral energy distribution of the GRB 090429B after-
glow (Cucchiara et al. 2011). Horizontal shaded bars illustrate the
widths of the broadband filters. Solid red line indicates the best fit
model (χ2/do f = 1.76/3), with fitted parameters z = 9.36, rest-frame
extinction AV = 0.10, and intrinsic power-law slope βO = 0.51. The
inset shows the short wavelength region (indicated by a dotted box)
on a log scale to show more clearly the constraints from the optical
measurements. An alternative low-redshift (z ≈ 0), high-extinction
(AV = 10.6) model is shown as a dashed blue line, but in fact is for-
mally ruled out at high significance (χ2/do f = 26.2/4).
the progenitor of GRB 090429B is not greatly different
from those of lower redshift bursts.
8. GRB studies using complete samples
As the total number of Swift GRBs approaches 1000,
it becomes not only possible but imperative to carry out
studies based on well-defined and complete samples.
Such samples are essential in our next steps in under-
standing GRBs and using them as probes of the universe
while at the same time controlling for and minimizing
the effects of observational bias. A major step in this
direction have been studies based on the “TOUGH” sur-
vey – The Optically Unbiased GRB Host Survey (Hjorth
et al. 2012; Jakobsson et al. 2012; Milvang-Jensen et
al. 2012; Kru¨hler et al. 2012; Michałowski et al. 2012).
Hjorth et al. (2012) define a homogeneous subsam-
ple of 69 Swift GRB galaxies using well-defined criteria
aimed at making the sample optically unbiased. Using
VLT they detect host galaxies for 80% of the GRBs in
the sample. For those hosts with redshifts, 38 in all,
they determine a median value 2.14 ± 0.18. Jakobsson
et al. (2012) increase the total number of TOUGH red-
shifts from 38/69 to 53/69, spanning a range 0.345 <∼
z <∼ 2.54. They constrain the fraction of Swift GRBs
to a maximum of 14% for z > 6 and 5% for z > 7.
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Milvang-Jensen et al. (2012) search for Ly−α emis-
sion in a subsample of 20 host galaxies. They detect
Ly−α emission from 7 of the 20, with luminosities in
the range (0.6 − 2.3) × 1042 erg s−1. Kru¨hler et al.
(2012) use NIR spectroscopy to refine the z database,
and Michałowski et al. (2012) use radio observations to
infer that TOUGH galaxies are similar in many respects
to other star-forming galaxies at z <∼ 1.
Kohn et al. (2015) present an analysis of FIR prop-
erties of an unbiased sample of 20 BeppoSAX and Swift
host galaxies at < z >= 3.1 and conclude that the detec-
tion rate of GRB hosts is consistent with that predicted
assuming GRBs trace the cosmic SFR in an unbiased
way.
Similar efforts have been undertaken based on care-
fully selected sub-samples of GRBs, characterized by a
high degree of completeness in redshift determination,
which are bright in the 15 − 150 keV BAT band (Sal-
vaterra et al. 2012; Nava et al. 2012; Campana et al.
2012; D’Avanzo et al. 2012; Ghirlanda et al. 2013).
Ghirlanda et al. (2013) construct a homogeneous sub-
sample of 38 radio detections/upper limits from a com-
plete sample of 58 bright Swift long GRBs. They find
that GRBs which typically trigger Swift/BAT can be de-
tected by JVLA within a few days with modest expo-
sures, even at high z.
9. Swift J1644+57 − the first Jetted Tidal Disrup-
tion Event
Tidal disruption events (TDEs) are caused by the
tidal disruption of stars that venture too close to the
massive black holes (MBHs) at the centers of galaxies
(Rees 1988; Phinney 1989; Cannizzo, Lee, & Goodman
1990). Prior to March 2011, nearly all our observational
information was based on optical/UV studies (Gezari et
al. 2006, 2008) or long-term X-ray data with poor time
sampling (Komossa et al. 2004). This changed with the
discovery by Swift of GRB 110328A/Swift J1644+57, a
TDE viewed down the jet axis of a MBH in the nucleus
of a galaxy at z = 0.354 (Bloom et al. 2011; Burrows et
al. 2011; Levan et al. 2011; Berger et al. 2012).
A TDE occurs when the radius of closest approach
RP of a star passes within the tidal disruption radius RT .
After a TDE occurs, there is no accretion of shredded
stellar material onto the SMBH for a time ∼tfb, the fall-
back time for the most tightly bound debris. Therefore,
one expects a gap of ∼tfb, after which accretion can be-
gin. In addition, Tchekhovskoy et al. (2014) point out
there will also be an additional ∆toffset after accretion
starts before the jet activates. Thus one anticipates a to-
tal time interval tint ≡ tfb + ∆toffset between TDE and an
Figure 9. The long term XRT light curve for Swift J1644+57, the
jetted tidal disruption event (Mangano et al. 2015). The decay closely
follows −4/3; a decay −5/3 is disfavored.
observed jet activity, i.e., flaring followed by a decay
∝ (t/tint)α. Thus in an idealization in which (i) we view
the TDE down the jet axis, (ii) the jet power tracks the
rate of accretion onto the SMBH, and (iii) most of the
jet power comes out in X-rays,
fX =
{
0 t < tint
fX,max(t/tint)α t ≥ tint (1)
By considering the ratio of the peak X-ray flux to the
fluence ∆EX =
∫ ∞
tint
fX(t)dt, one can directly measure
tfb + ∆toffset. From the functional form for fX(t) one may
write
tfb + ∆toffset = −(1 + α) ∆EXfX,max . (2)
Note that all uncertainties such as beaming angle, ac-
cretion efficiency, jet efficiency, etc., cancel out. Using
the Swift/XRT measured values fX,max ' 9 × 10−9 erg
cm−2 s−1 and fluence ∆EX ' 6 × 10−4 erg cm−2 yields
tfb + ∆toffset ' 0.9 d for α = −5/3, or tfb + ∆toffset ' 0.5
d for α = −4/3 (Mangano et al. 2015). These small
values tfb +∆toffset <∼ 1 d argue against the possibility for
∆toffset >∼ 10 d presented in Tchekhovskoy et al. (2014).
Mangano et al. (2015) determine a post-fluctuation
decay slope α = −1.36 ± 0.02 (Figure 9), which is sta-
tistically distinguishable from the α = −5/3 value for
Swift J1644+57 commonly cited in the literature. Pre-
vious studies quoting a slope (e.g., Metzger, Giannios,
& Mimica 2012; Lei, Zhang, & Gao 2013; Kawashima
et al. 2013; Kumar et al. 2013; Barniol Duran &
Piran 2013; Zauderer et al. 2013; Shen & Matzner
2014; Tchekhovskoy et al. 2014) did not carry out
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detailed fitting but simply overlay a α = −5/3 decay
onto a log fX − log t light curve for Swift J1644+57
taken from the Swift/XRT archive (Evans et al. 2007,
2009), which assumes a single energy-to-counts conver-
sion factor. The combination of (i) a small inferred tfb
and (ii) a decay rate α ≈ −4/3 (Mangano et al. 2015)
support the viewpoint of a rapid transition from stellar
fallback to disk accretion, where the disk is highly ad-
vective (Cannizzo, Troja, & Lodato 2011; Gao 2012). A
value tfb <∼ 1 d challenges current theory, which favors
tfb ' 20 − 30 d, but does not consider strong general
relativistic effects in the Kerr metric for large RT /RP
encounters; modifications in the spread in specific bind-
ing energy for the tidal debris from the standard results
for RT /RP ' 1 encounters are treated via linear per-
turbations to a Newtonian gravitational potential (e.g.,
Guillochon & Ramirez-Ruiz 2013; Stone, Sari, & Loeb
2013, see their Sect. 6).
10. GRB 130603B: a possible kilonova?
Neutron stars represent the most compact form of
matter in the universe (Pines & Alpar 1985). Beneath
an atmosphere only a few m thick one has an outer
crust ∼0.2 − 0.4 km thick, varying in density from
ρ ∼7 × 106 g cm−3 to ρ ∼4 × 1011 g cm−3. It contains
a solid array of nuclei and highly degenerate relativis-
tic electron plasma. The inner crust has a radial extent
of a few km and varies from ρ ∼4 × 1011 g cm−3 up to
ρ ∼2×1014 g cm−3 at its base. It is composed of a highly
degenerate superfluid neutron liquid in addition to a lat-
tice of increasingly neutron-rich nuclei and relativistic
electrons. The quantum liquid interior is thought to be
mainly superfluid neutrons with a few percent protons
and electrons. The density at the core ρ ∼1015 g cm−3;
by comparison ρ ∼2.8× 1014 g cm−3 for nuclear matter.
As discussed previously, the currently favored model
for short GRBs is a NS-NS merger. During the merger
streamers of neutron star material may get ejected and
decompress. When the density of the expanding plasma
falls below nuclear, nucleon clusters are formed, the
matter inside each quasi-nucleus in equilibrium with the
external dripped neutron sea (Lattimer et al. 1977). As
the density drops further these nuclei lose neutrons to
the external sea of neutrons. When the β−decay time
scale becomes shorter than the expansion time scale, the
neutrons, which had previously been stable by virtue of
their “nuclear” environment, begin to β−decay. The nu-
clei then increase in proton and neutron number until
they become unstable to fission. This process will re-
semble the standard r−process.
Figure 10. Synthetic spectra (2.5 d after mass ejection) of the
r−process SN model (Kasen, Badnell, & Barnes 2013), i.e., a “kilo-
nova”, calculated using Kurucz iron group opacities (black line) or
Autostructure-derived r−process opacities (red line). For comparison,
also shown are blackbody curves with T = 6000 K (black dashed) and
T = 2500 K (red dashed). The inset shows the corresponding bolo-
metric light curves assuming iron (black) or r−process (red) opacities.
Also shown is a light curve calculated with a gray opacity of κ = 10
cm2 g−1 (blue dashed line).
Various groups have explored the supernova-like
transient powered by this radioactive decay of material
ejected from the NS (Eichler et al. 1989; Li & Paczyn´ski
1998; Kulkarni 2005; Metzger, Piro, Quataert 2008;
Metzger et al. 2010; Metzger & Berger 2012). The
resultant “kilonova” (dimmer than a supernova and
brighter than a nova) would produce relatively isotropic
optical/NIR emission after a NS-NS/NS-BH merger.
While SNIa light curves are powered primarily by decay
of 56Ni, the ejecta from a disrupted NS is neutron rich
and yields little Ni. Much heavier radioactive elements
form via rapid neutron capture (r−process) nucleosyn-
thesis following the decompression of the ejecta from
nuclear densities. These newly synthesized elements
undergo nuclear fission, α and β decays on much longer
time-scales. The resulting energy release can power de-
tectable thermal emission once the ejecta expands suffi-
ciently that photons can escape.
Kasen et al. (2013) argue that the opacity of the
expanding r−process material is dominated by bound-
bound transitions from those ions with the most com-
plex valence electron structure, i.e., the lanthanides.
They compute atomic structure models for a few rep-
resentative ions in order to calculate the radiative tran-
sition rates for tens of millions of lines, and find that
resulting r−process opacities are orders of magnitude
larger than that of ordinary (e.g., iron-rich) supernova
9
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Figure 11. Optical, NIR and X-ray light curves of GRB 130603B
(Tanvir et al. 2013). Left axis, optical and NIR; right axis, X-ray. Op-
tical data (g, r and i) have been interpolated to the HST F606W band
and NIR data have been interpolated to the F160W band using an aver-
age spectral energy distribution at ∼0.6 d Absence of late-time optical
emission places a limit on any separate 56Ni-driven decay component.
The 0.3 − 10 keV Swift/XRT ray data (Evans et al. 2007, 2009) are
also consistent with breaking to a similarly steep decay (the dashed
black line shows the optical light curve simply rescaled to match the
X-ray points in this time frame), although the source had dropped be-
low Swift/XRT sensitivity by ∼48 hr (our frame). The NIR detection
requires an additional component above the extrapolation of the after-
glow (red dashed line). This excess NIR flux corresponds to absolute
magnitude M(J)AB ≈ −15.35 at ∼7 d (source frame). This is con-
sistent with the favored range of kilonova behavior from recent cal-
culations (despite their known significant uncertainties: Kasen et al.
2013; Barnes & Kasen 2013; Tanaka & Hotokezaka 2013; Grossman
et al. 2014). Model lines (Barnes & Kasen 2013; orange curves) cor-
respond to ejected masses of 0.01M (lower curve) and 0.1M (upper
curve), and these are added to the afterglow decay curves to produce
predictions for the total NIR emission, shown as solid red curves. The
cyan curve shows that even the brightest predicted r−process kilonova
optical emission is negligible.
ejecta. The resultant light curves should be longer, dim-
mer, and redder than previously thought (Figure 10).
The spectra have broad absorption features and peak in
the IR (∼1 µm).
What are the prospects for observing a kilonova in
conjunction with a short GRB? The biggest problem is
that, since the kilonova emission is weak, it could usu-
ally be masked by the normal afterglow. The only hope
is for a short GRB occurring in a very low density in-
terstellar medium. Observational confirmation of such
an event would be important given that this mechanism
may be the predominant source of stable r−process
elements in the universe (Freiburghaus, Rosswog, &
Thielemann 1999; Goriely, Bauswein, & Janka 2011).
GRB 130603B might be the first detected kilonova
(Tanvir et al. 2013; Berger, Fong, & Chornock 2013).
It was a short GRB at z = 0.356 with a duration ∼0.2
s in the BAT. Tanvir et al. (2013) present optical and
near-infrared observations that provide strong evidence
for an accompanying kilonova (Figure 11). If correct,
it would confirm that compact-object mergers are the
progenitors of short GRBs and also the sites of sig-
nificant production of r−process elements. It also of-
fers that hope that kilonovae provide an alternative, un-
beamed electromagnetic signature of the most promis-
ing sources for direct detection of gravitational waves.
#1
#2
#3
#4
#5
#6
Figure 12. Long term 0.3 − 10 keV Swift/XRT light curve of Sgr A∗
(Degenaar et al. 2013). Solid horizontal line indicates the mean count
rate observed in 2006-2011, whereas the dashed line indicates the 3σ
level. The six confirmed X-ray flares are numbered and indicated by
light gray triangles.
11. Sgr A∗ Flares
The closest and best studied SMBH lies at the heart
of our galaxy, in Sgr A∗. Its bolometric luminos-
ity is lower than expected from an Eddington-limited
SMBH of mass ∼4 × 106M by a factor ∼108 − 109,
indicating the heyday of its quasar-like youth is well
past. It has long since depleted its “loss cone” (Frank
& Rees 1976; Young, Shields, & Wheeler 1977) sup-
ply of stars and gas and its very low accretion rate is
generally characterized by a radiatively inefficient ac-
cretion flow (Narayan, Yi, & Mahadevan 1995; Man-
moto, Mineshige, & Kusunose 1997; Dexter et al. 2010;
Shcherbakov, Penna, & McKinney 2012). Sgr A∗ emits
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a steady luminosity ∼2 × 1033 erg s−1 in the soft X-ray
band (Baganoff et al. 2003), with occasional flaring up
by a factor ∼5−150 for tens of minutes to hours. For ∼5
yr beginning in 2006, Swift/XRT observed a ∼21′ × 21′
region around Sgr A∗. Six flares were seen, with lumi-
nosities ∼(1 − 3) × 1035 erg s−1 (Figure 12). Based on
the number of observed flares and the total length of ob-
servations, Degenaar et al. (2013) estimate a flaring rate
0.1− 0.2 d−1. This implies a bright flare with LX ' 1035
erg s−1 occurs every ∼5−10 d. This rate is in accord with
previous estimates based on Chandra data (Baganoff et
al. 2003).
12. RS Oph nova
Classical and recurrent novae happen in interacting
binaries containing a WD accretor and are due to the
thermonuclear detonation of accreted material on the
surface of a WD (Gallagher & Starrfield 1978). This
can occur if the temperature and pressure at the base
of the accumulated layer of accreted matter are in the
appropriate regime. Swift has opened a new window
on nova studies. An overview of the Swift sample of
novae (52 galactic plus Magellanic Cloud) is given by
Schwarz et al. (2011). Swift has detected keV emission
from shocked ejecta and supersoft (SS) emission from
the WD surface.
RS Oph is a recurrent nova consisting of a red gi-
ant (RG) donor and a white dwarf (WD) accretor re-
siding in a semi-detached (i.e., mass-exchange) binary.
About every 20 yr enough material from the RG accu-
mulates on the surface of the WD to produce a ther-
monuclear explosion. On 12 Feb 2006 a new eruption
occurred, reaching mV ' 4.5. Detailed analysis of Swift
observations (Figure 13) indicated a mass ejection of
∼3×10−5M at ∼4000 km s−1 into the wind of the mass
losing red giant companion in the system (Osborne et
al. 2011).
Supersoft sources (SSSs) are powered by residual nu-
clear burning on the WD surface following the main
nova eruption. Once the nova shell has expanded suffi-
ciently it can become optically thin to 0.2−1 keV X-rays
so that we can see all the way down to the WD surface
and directly observe the nuclear reactions.
RS Oph is unusual in at least three respects compared
to most novae: (i) The WD in the system is fairly mas-
sive so that the residual nuclear burning happens at a rel-
atively high temperature, Teff ' 106 K, and the resultant
emission fills the 0.3 − 1 keV bandpass. (ii) Its distance
is only ∼2.5−3 kpc which makes it bright. (iii) RS Oph
has a wide orbit with a red giant donor instead of a red
dwarf. Thus it is an “embedded nova” because the shell
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Figure 13. Entire 0.3 − 10 keV Swift/XRT light curve of the 2006
outburst of the recurrent nova RS Oph (Osborne et al. 2011). The
supersoft phase is prominent between days 29 and 100.
runs into gas previously ejected in the RG wind. There-
fore embedded novae are brighter in hard X-rays ∼1036
erg s−1 than normal novae.
Could it be that SSS novae represent transitional ob-
jects between normal novae and Type Ia (single degen-
erate supernovae)? Not likely. It appears that all no-
vae have the potential to be detected as SSS, and we
have plenty examples of SSS, all novae, within several
kpc. However, selection effects can prevent detection,
especially if the absorbing column is too great. We
can see the SSS inside a nova if the absorbing column
NH <∼ 2 × 1021 cm−2 (Osborne et al. 2011).
13. DG CVn Superflare
A basic fact of stellar structure is that early spectral
type stars O-B-A have convective cores and radiative
envelopes, whereas later spectral type stars A-F-G-K-M
have radiative cores and convective envelopes. The di-
viding point lies at two solar masses which corresponds
roughly to an A4 star. Our G2 sun is convective over
its outermost 30% in radius. Late type M stars are com-
pletely convective (<∼ 0.4M). In a subset of stars of
late spectral type the combination of surface convection
and high rotation can lead to strong expulsion of mag-
netic fields from the stellar surface. In stars with outer
convection a dynamo operates at the base of the convec-
tive envelope, twisting internal dipole field into a tan-
gled geometry. Magnetic buoyancy expels field from
the photosphere as active regions. Loops arch outward
from the stellar surface, extending from “−” to “+” po-
larity. Where two loops cross one can have a massive
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reconnection event – a superflare.
By contrast, although early spectral type stars such as
Ap and Am can have strong magnetic fields, they are
convective only at their cores and therefore do not ac-
tively transport B-field to outside the star. Thus they do
not have stellar flares. Their high fields are only evi-
denced through Zeeman splitting of photospheric spec-
tral lines.
DG CVn, a close visual dM4e+dM4e binary with or-
bital separation ∼3 AU, is a known flare star system.
Both stars have masses and radii ∼1/3 solar. At 18 pc
the system is relatively close. Its kinematics identify it
as being young, ∼30 Myr, and furthermore at least one
of the stars is a fast rotator with v sin i ' 50 km s−1.
For comparison, if our sun were examined spectroscop-
ically from several pc at a random orientation it would
have v sin i ≈ 1 − 2 km s−1.
Figure 14. Superflare from the DG Cvn (Fender et al. 2015). Light
curves are from AMI-LA 13 − 18 GHz (blue circles) and Swift/XRT
WT/PC (green diamonds/orange squares) 0.3 − 10 keV. In X-rays the
source was brightest at the first measurement, T0 + 2 min., and then
declined for ∼1 hr, rebrightening at 0.075 < (t − T0) < 0.125 d.
The radio flux behaved similarly, with a strong detection in the first
measurement at T0 + 6 min., followed by a decline and subsequent
rebrightening. A second radio flare occurred at ∼T0 + 1.1 d.
On 23 April 2014 Swift/BAT detected a superflare in
DG CVn which reached 0.3 Crab in the 15 − 150 keV
BAT band. The flare arose from one of the stars in the
binary. It consisted of a series of outbursts; the strongest
was ∼104 times more energetic than the largest solar
flare ever seen – the Carrington Event of 1859. Time
resolved spectral fitting at the peak of the flare implies
T ' 2 × 108 K and LX ' 1.9 × 1032 erg s−1 within
the XRT 0.3 − 10 keV window. This compares with a
normal systemic bolometric luminosity 1.3 × 1032 erg
s−1. As with a previous superflare seen in 2008 in EV
Lac (Osten et al. 2010), for several minutes the X-ray
emission from the flare outshone the total light from the
system.
Alerted by the Swift/BAT trigger, Fender et al. (2015)
detected a bright (∼100 mJy) radio flare using AMI-LA
(Figure 14). This is the earliest detection ever made of
bright, prompt, radio emission from a high-energy tran-
sient. Although radio emission is known to be associ-
ated with active stars, this was the first detection of a
large radio flare in conjunction with a gamma-ray su-
perflare.
14. Conclusion
The last ten years have been a time of great discov-
ery for Swift. The sky is rich in transients of many
types, and Swift is exploring the transient sky with un-
precedented sensitivity and coverage. Every year brings
a new discovery in time domain science. Explosion
mechanisms range from gravitational collapse to nu-
clear burning to B field reconnection. Swift will hope-
fully last another ten years and have exciting science to
perform while partnering with new ground observato-
ries of increasing capabilities.
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